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Alterations of exchangeable Cu^II^ in blood have been implicated in a number of severe human diseases including diabetes, cancer, and Alzheimer\'s disease.[1](#anie202004264-bib-0001){ref-type="ref"} Some human proteins involved in these processes contain the metal‐binding ATCUN/NTS motifs (amino‐terminal copper and nickel/N‐terminal site), tripeptide sequences containing a free amine at the N‐terminus, any amino acid residue in position 2, and a His residue in position 3. In addition to Cu^II^ ions, Ni^II^, Pd^II^, and Au^III^ can bind to ATCUN/NTS in a specific manner, forming square planar four‐nitrogen (4N) complexes with the terminal amine, two intervening peptide bond nitrogen atoms and the imidazole N3 nitrogen coordinated. These structures were documented by X‐ray crystallography,[2](#anie202004264-bib-0002){ref-type="ref"}, [3](#anie202004264-bib-0003){ref-type="ref"} EXAFS,[3](#anie202004264-bib-0003){ref-type="ref"}, [4](#anie202004264-bib-0004){ref-type="ref"}, [5](#anie202004264-bib-0005){ref-type="ref"} NMR,[6](#anie202004264-bib-0006){ref-type="ref"} and numerous spectroscopic studies, as reviewed recently.[7](#anie202004264-bib-0007){ref-type="ref"} The Asp--Ala--His motif in human serum albumin (HSA) and analogous motifs in other albumins transport Cu^II^ in blood serum,[8](#anie202004264-bib-0008){ref-type="ref"} and are thought to deliver it to another ATCUN/NTS motif present in the extracellular domain of Ctr1 cellular copper transporters of many species (Met--Asp--His in human Ctr1, hCtr1).[9](#anie202004264-bib-0009){ref-type="ref"} Molecular aspects of this process remain to be elucidated. A direct non‐redox, but rather sluggish transfer (*t* ~1/2~≈16 min) was recently demonstrated in vitro using HSA and a 14‐peptide model of hCtr1 N‐terminus.[5](#anie202004264-bib-0005){ref-type="ref"} On the other hand, the rates of such Cu^II^ transfers from 4N complexes to stronger ligands could be accelerated by weakly chelating agents, which did not participate significantly in the Cu^II^ equilibrium, for example, the Cu^II^ transfer from the Cu^II^Aβ~4‐16~ complex to EDTA, accelerated by glutamate addition.[10](#anie202004264-bib-0010){ref-type="ref"}, [11](#anie202004264-bib-0011){ref-type="ref"} The 4N Cu^II^ complexes cannot be reduced electrochemically to the corresponding Cu^I^ species. They can be oxidized to Cu^III^ only at high potentials around 1 V,[3](#anie202004264-bib-0003){ref-type="ref"}, [11](#anie202004264-bib-0011){ref-type="ref"}, [12](#anie202004264-bib-0012){ref-type="ref"} but in an apparent contradiction with this fact, these 4N complexes were demonstrated recently to generate reactive oxygen species (ROS) under physiologically relevant conditions via an unidentified Cu^I^ species.[13](#anie202004264-bib-0013){ref-type="ref"} These pieces of evidence, taken together, suggest the existence of distinct intermediate complex(es) responsible for kinetic and redox properties of nominally 4N ATCUN/NTS Cu^II^ complexes.

Gly--Gly--His (GGH) is the simplest ATCUN/NTS peptide, also used as Cu^II^ chelator in practical applications, for example, enhancing the efficacy of antimicrobial peptides,[14](#anie202004264-bib-0014){ref-type="ref"} and copper sensing.[15](#anie202004264-bib-0015){ref-type="ref"} Herein, we present the stopped‐flow and microsecond timescale freeze hyperquenching (MHQ)[16](#anie202004264-bib-0016){ref-type="ref"} data combined with UV/Visible and EPR spectroscopic and electrochemical evidence for transient Cu^II^/GGH complexes that have been unnoticed before. These results explain the reactivity of ATCUN/NTS complexes and their contribution to biological Cu^II^ transport.

We first studied the reaction of GGH with CuCl~2~ at pH 6.0 using a stopped‐flow system coupled with a diode‐array detector working in the 750--300 nm range. This pH value was chosen to assure complete formation of the 4N complex, limit the formation of poorly soluble Cu(OH)~2~, and allowed us to use a buffer that does not coordinate Cu^II^ ions.[17](#anie202004264-bib-0017){ref-type="ref"} All these needs were fulfilled by using 2‐(*N*‐morpholino)ethanesulfonic acid (MES), with a p*K* ~a~ of 6.15.[18](#anie202004264-bib-0018){ref-type="ref"} The obtained spectra (Figure [1](#anie202004264-fig-0001){ref-type="fig"}) show the increase in time of the *d--d* band, *λ* ~max~ (*ϵ*)=525 nm (102 [m]{.smallcaps} ^−1^ cm^−1^), characteristic of the 4N complex.[7](#anie202004264-bib-0007){ref-type="ref"}, [19](#anie202004264-bib-0019){ref-type="ref"}, [20](#anie202004264-bib-0020){ref-type="ref"}, [21](#anie202004264-bib-0021){ref-type="ref"}, [22](#anie202004264-bib-0022){ref-type="ref"}, [23](#anie202004264-bib-0023){ref-type="ref"} This effect is coupled by an isosbestic point at 620 nm to the depletion of the initial band, *λ* ~max~ (*ϵ*)=705 nm (48). The latter band was present at its maximum intensity already in the first recorded spectrum after circa 2 ms of the reaction initiation. The formation of the 525 nm band, which was identical to that of the 4N complex of GGH published recently,[21](#anie202004264-bib-0021){ref-type="ref"} was completed within 1 s.

![Typical diode‐array stopped‐flow experiment for 2 m[m]{.smallcaps} GGH peptide and 1.6 m[m]{.smallcaps} CuCl~2~ (final concentrations). \*Spectrophotometer lamp artefact.](ANIE-59-11234-g001){#anie202004264-fig-0001}

The 705 nm band at the start of the experiment, which was observed instead of the expected Cu^2+^ aqua ion band, *λ* ~max~=816 nm, (Figure S1 in the Supporting Information) provides direct evidence for the rapid formation within the dead time of the stopped‐flow instrument of an intermediate Cu^II^ complex (IC), not reported previously. MES does not form Cu^II^ complexes[17](#anie202004264-bib-0017){ref-type="ref"}, [18](#anie202004264-bib-0018){ref-type="ref"} and is thus not responsible for the 705 nm band, as confirmed in Figure S1. The reference data for 1N, 2N, 3N, and 4N complexes of oligopeptides, collected in the Supporting Information Table S1, indicate that the 705 nm band could originate in a complex containing the Cu^II^ coordination to the N~im~ + NH~2~ donor set. Otherwise the participation of a deprotonated peptide nitrogen (N^−^) instead of either N~im~ or NH~2~ would blueshift the *d--d* band to around 650 nm. The same result is obtained using the empirical equation derived by Sigel and Martin \[Eq. (S1)\].[22](#anie202004264-bib-0022){ref-type="ref"}

Further insight into the character of IC was obtained from the pH dependence of Cu^II^ binding to GGH provided by previously published potentiometric titrations.[21](#anie202004264-bib-0021){ref-type="ref"} The main 4N species present above pH 4 is described by stoichiometric formula CuH~−1~L and CuH~−2~L, depending on the carboxyl protonation state (p*K* ~a~=4.68). The negative hydrogen ion index denotes the Cu^II^‐assisted removal of Gly and His peptide nitrogen protons (see the Supporting Information Table S2 for the relationship between overall Cu^II^/GGH complex stoichiometries and their coordination modes). The presence of partially coordinated Cu^II^/GGH complexes in addition to the 4N complex has not been clarified by previous potentiometric studies,[19](#anie202004264-bib-0019){ref-type="ref"}, [20](#anie202004264-bib-0020){ref-type="ref"} but in a recent study the CuHL complex was identified at pH 3.5--5.0, and it was assigned to 2N coordination.[21](#anie202004264-bib-0021){ref-type="ref"} The protonation stoichiometry of this complex supports the macro‐chelate structure involving the N~im~ + NH~2~ donor set (see Table S2 for details).

The participation of a 2N complex in the coordination equilibrium was verified by performing the UV/Vis spectroscopic pH titration of Cu^II^/GGH at the Cu^II^ concentration of 4.5 m[m]{.smallcaps}, five times higher than was used in the previous study.[21](#anie202004264-bib-0021){ref-type="ref"} A specific absorption band around 700 nm was now clearly observed at pH 4.2--4.7 (Figure [2](#anie202004264-fig-0002){ref-type="fig"} A). This range is consistent with the species distribution calculated using the published data, which has the peak of the 2N form at pH 4.3 (Figure S3 A).[21](#anie202004264-bib-0021){ref-type="ref"} Next, the UV/Vis spectra were recorded at pH 4.5 for increasing concentrations of Cu^II^/GGH (Figure [2](#anie202004264-fig-0002){ref-type="fig"} B). The obtained concentration dependence of a complex absorbing around 700 nm was in agreement with potentiometric results (Figure S3 B), thus verifying the participation of a 2N complex analogous to IC at equilibrium in weakly acidic solutions. The apparent *d--d* band redshift at lower concentrations was due to its overlap with the Cu^2+^ aqua ion band at 816 nm (compare Figure S1 and Figure S3 A).

![A) UV/Vis pH‐metric titration of 5 m[m]{.smallcaps} GGH in the presence of 4.5 m[m]{.smallcaps} CuCl~2~; the spectra are rainbow‐coded from purple (pH 1.73) to red (pH 8.61). The inset expands the 600 to 900 nm range. B) Concentration dependence of the UV/Vis spectra of Cu^II^/GGH complexes at pH 4.5. The GGH concentrations are given on the plot, the GGH/Cu^II^ ratio was 1:0.9.](ANIE-59-11234-g002){#anie202004264-fig-0002}

Although the timescale for the 2N IC was determined directly, its formation from the Cu^2+^ aqua ion occurred within the 2 ms dead time of stopped‐flow experiments. In order to gain qualitative insight into the early phase of reaction we resorted to the MHQ technique. The reactions, performed using the final concentrations of 2.0 m[m]{.smallcaps} GGH and 1.6 m[m]{.smallcaps} Cu^II^, were quenched at different reaction times between 100 μs and 1 s, (including freezing time) followed by the determination of the composition of rapidly frozen samples by EPR spectroscopy. The selected spectra are presented in Figure [3](#anie202004264-fig-0003){ref-type="fig"} (all spectra are given in Figure S7) Four different Cu^II^ species were readily detected, the Cu^2+^ aqua ion at the beginning of the reaction and up to 800 μs, and three different peptide‐bound species. The first, early complex (EC) was present already at 100 and 200 μs and had disappeared by 2 ms; the second transient Cu^II^ complex species (IC) was best seen at 2 ms; the third, appearing first at 50 ms was fully dominant at 1 s. The EPR spectral parameters of these complexes are provided in Table S3. The latter two species can be readily identified as 2N and 4N complexes observed by stopped‐flow, respectively, with full agreement of their times of appearance, and further confirmed by control EPR spectra of equilibrium samples at pH 4.5 and 6.0 (Figure S8). The EC can be tentatively assigned a 1 N coordination based on its parameters. The course of the reaction is given in Scheme [1](#anie202004264-fig-5001){ref-type="fig"}.

![Representative spectra of the different species observed during the MHQ experiment, normalized for maximal signal amplitude. EPR conditions: microwave frequency, 9.405 GHz; 2 mW; modulation frequency, 100 kHz; modulation amplitude, 2.0 mT; temperature, 40 K.](ANIE-59-11234-g003){#anie202004264-fig-0003}

![The proposed mechanism of Cu^II^ reaction with GGH yielding the 4N complex and definitions of accompanying rate constants.](ANIE-59-11234-g005){#anie202004264-fig-5001}

To verify this model, we performed further stopped‐flow experiments at pH 6.0, varying the Cu^II^/GGH ratio from 0.3 to 0.9. The obtained time‐resolved spectra were analyzed using singular value decomposition (SVD). The formation of the 4N complex from IC was observed between 2 ms and 1 s, with *k* ~on3~=6.674±0.003 s^−1^ for the Cu^II^/GGH ratio of 0.9, increasing linearly by circa 2 s^−1^ up to the ratio of 0.3 (Figure S2 B). To find the reason for this dependence on the Cu^II^ concentration, we carefully investigated the obtained spectra. The molar fraction of Cu^II^ bound in 2N species at the beginning of observation was less than 1 (Figure S4) in the whole Cu^II^ concentration range, as determined from spectral intensities at 705 nm. This finding contributes to the explanation of the observed reaction slowdown at low GGH excess. The reaction endpoint was the complete formation of the 4N complex, in accordance with the equilibrium experiments (Figure S3). Therefore, some Cu^II^/EC, present at the beginning of observation, ought to form the IC and then 4N during the observation period. The overall reaction of IC formation includes the 2nd order step, which is the EC formation. It will be thus accelerated by GGH excess, as observed through the 4N complex formation rate.

The value of *k* ~off3~ could not be determined from kinetic experiments, but instead, it can be estimated from the equilibrium condition at pH 6, in which the concentration ratio of 4N to 2N complexes (\[CuH~−1~L\] + \[CuH~−2~L\])/\[CuHL\] is circa 2600 (see Figure S3A). This yields the *k* ~off3~ value of 2.6×10^−3^ s^−1^ for the Cu^II^/GGH ratio of 0.9. The reconstructed spectra of individual complexes obtained from the SVD analysis agree well with the spectra of 2N and 4N complexes obtained directly at the beginning and the end of reaction with the maxima at 703±2 nm and 527±2 nm, respectively (see Figure S2 A).

As discussed above, both the IC observed transiently at pH 6.0 and the CuHL complex contributing to equilibrium at lower pH values have the (N~im~ + NH~2~) 2N coordination. These two groups can, however, be arranged around the Cu^II^ ion in two general configurations, 2 N‐*cis* and 2 N‐*trans*. A *cis/trans* equilibrium was demonstrated in temperature‐dependent studies of the 2N Cu(Gly)~2~ complex.[24](#anie202004264-bib-0024){ref-type="ref"} In the discussed complex two *cis* conformers are possible, with the peptide chain around or away from the Cu^II^ (2 N‐*cis(endo)* and *cis(exo)* in Scheme [2](#anie202004264-fig-5002){ref-type="fig"}). All three proposed 2N isomers should be easily formed from the EC (assumed to be 1N), but only the 2 N‐*cis(endo)* conformer appears to be sterically suited for the concerted attack of the Cu^II^ ion on the peptide nitrogens, to yield the thermodynamically stable 4N complex. Other conformers can also be formed, for example, involving a Cu^II^−N~π~ bond.

![Proposed structures of three putative 2N Cu(GGH) isomers and the pathway towards the 4N Cu(GGH) complex.](ANIE-59-11234-g006){#anie202004264-fig-5002}

As a proof of concept for the *cis*/*trans* equilibrium we investigated the temperature dependence of absorption spectra for 20 m[m]{.smallcaps} GGH and 18 m[m]{.smallcaps} Cu^II^ at pH 4.5 (Figure S6). Between 5 °C and 45 °C, we observed the increase of intensity of the 4N complex, present as a minor species, probably due to a shift of 2N/4N equilibrium. More importantly, however, the other band, initially at 743 nm at 5 °C increased and redshifted systematically by up to circa 8 nm at 45 °C. A simple shift of Cu^2+^/2N equilibrium would cause either a band increase and blueshift (more 2N) or a band decrease and redshift (more free Cu^2+^). Hence, the band increase and redshift was likely caused by a change of the 2N chromophore akin to that observed in Cu(Gly)~2~, indicating a *cis*/*trans* equilibrium in the 2N Cu(GGH) complex.

The nitrogen ligand rearrangements between the hypothetical 2N species proposed in Scheme [2](#anie202004264-fig-5002){ref-type="fig"} require breaking and re‐forming of Cu−N bonds, posing high activation energy barriers between them. The 2 N‐*cis(endo)* conformer yielding the 4N complex is particularly sterically crowded, and hence likely to be the least stable, least populated local minimum in the energy landscape for Cu^II^ binding to GGH. We propose that this feature is responsible for the kinetic stability of IC.

Further evidence for the above mechanism can be obtained from preliminary stopped‐flow experiments ran at higher pH values. The kinetic traces at 525 and 704 nm obtained in HEPES at pH 7.0, 7.4 and 8.0 are compared with the reaction at pH 6.0 in MES in Figure S5. The rearrangement of 2N IC into 4N is only slightly accelerated with the increased pH. In the only previous study of dissociation kinetics of Cu^II^/GGH, the formation of a hypothetical 3N rather than 2N species was proposed as rate‐limiting, with the protonation of the amide nitrogen as key event.[25](#anie202004264-bib-0025){ref-type="ref"} We have directly identified the conversion of the 2N to 4N complex as rate limiting. The data in Figure S5 show that the protonation of amide nitrogen atoms has only a secondary contribution to the observed rates because the 2N complex decay and 4N complex formation rates increase merely about two‐fold vs. the 100‐fold \[H^+^\] decrease over the tested pH range. This observation is compatible with the rearrangement of the 2N species as rate limiting, as this process (Scheme [2](#anie202004264-fig-5002){ref-type="fig"}) has no net proton dependence. Otherwise, a very strong quadratic rate dependence on pH would be expected.

Figure [4](#anie202004264-fig-0004){ref-type="fig"} presents a cyclic voltammogram (CV) for Cu^II^/GGH recorded at pH 5, exhibiting a quasi‐reversible Cu^I^/Cu^II^ redox couple with the reduction peak at −0.034±0.003 V and the oxidation peak at 0.056±0.002 V. The 2N form of Cu^II^/GGH could be electrochemically determined only in a carefully selected range of potentials and under excess of peptide over Cu^II^ ions. This is due to the fact that even a small amount of non‐complexed Cu^2+^ ions present in solution strongly interferes with the electrochemical response of Cu^II^/GGH complexes, by generating a typical adsorption peak of two‐electron Cu^2+^ reduction and Cu^0^ deposition on the electrode surface (Figure S9). The Cu^I^/Cu^II^ redox couple was not identified on a CV curve registered at pH 7.4, while sweeping the potential in the negative direction (from the initial value, *E* ~in~=0.5 V). As expected, an irreversible oxidation peak attributed to a reactive Cu^III^ species was detected at 0.774±0.004 V (pH 5.0) and 0.798±0.002 V (pH 7.4) (Figure S10).[7](#anie202004264-bib-0007){ref-type="ref"}, [12](#anie202004264-bib-0012){ref-type="ref"}, [26](#anie202004264-bib-0026){ref-type="ref"} The irreversibility of the Cu^II^/Cu^III^ redox process can be explained by rapid oxygen‐induced decarboxylation followed by hydroxylation at the carboxyl end of Cu^II^‐complexed GGH, occuring via a Cu^III^ intermediate.[27](#anie202004264-bib-0027){ref-type="ref"} The electrochemical behavior of Cu^II^/GGH at pH 7.4 confirms the predominance of the 4N complex indicated by equilibrium species distribution.

![Solid line: the Cu^I^/Cu^II^ electrochemical couple generated by the 2N Cu^II^(GGH) complex, recorded for 0.45 m[m]{.smallcaps} Cu^II^, 1 m[m]{.smallcaps} GGH, in 100 m[m]{.smallcaps} KNO~3~/HNO~3~, pH 5.0. Dashed line: 1 m[m]{.smallcaps} GGH alone under the same conditions.](ANIE-59-11234-g004){#anie202004264-fig-0004}

The electrochemical competence of the 2N complex is in a perfect match with the recent mass spectrometry study which proposed the N~im~ + NH~2~ coordination for the Cu^I^ ion bound to the ATCUN/NTS motif.[28](#anie202004264-bib-0028){ref-type="ref"} DFT calculations indicated the 2N‐*trans* structure for the Cu^I^ complex. Therefore, it is plausible to suggest that the temperature‐dependent *cis/trans* equilibration in the Cu^II^ complex might be responsible for the observed properties of the electrochemical process. A similar phenomenon was recently demonstrated for the ROS generating Cu^I^/Cu^II^ redox couple of Alzheimer\'s Aβ~1‐16~ model peptide.[29](#anie202004264-bib-0029){ref-type="ref"} Indeed, the detection of the Cu^I^/Cu^II^ redox activity in the GGH complex explains the recently reported inhibition of slow ascorbate‐induced ROS production by 4N Cu^II^ complexes of DAHK, KGHK, and FRHD‐NH~2~ peptides specifically by Cu^I^ chelators.[13](#anie202004264-bib-0013){ref-type="ref"} More generally, it explains how some ATCUN/NTS complexes are redox active towards mild electron donors/acceptors, such as ascorbate/H~2~O~2~, despite the electrochemical studies reporting only the (often irreversible) Cu^II^/Cu^III^ process at potentials around 0.8 V vs. Ag/AgCl, possibly too high to be physiologically relevant.[12](#anie202004264-bib-0012){ref-type="ref"}, [26](#anie202004264-bib-0026){ref-type="ref"} The ROS generation may be enabled by even minute amounts of the redox‐active complex still present at physiological pH, as reported for example, for Cu^2+^ aqua ion.[30](#anie202004264-bib-0030){ref-type="ref"} Therefore, the relative abundance of the 2N and 4N species under given conditions emerges as key factor in the redox activity of ATCUN/NTS complexes.

The discovery of a long‐lived 2N kinetic intermediate (IC) in the interaction of Cu^II^ ions with GGH, a prototypical ATCUN/NTS motif, together with the demonstration of its ability to maintain the redox activity of copper, is a game‐changer in the understanding of the ATCUN/NTS reactivity, and further, of molecular mechanisms of biological copper transport. The time scale of hundreds of milliseconds is sufficient for 2N complexes to engage in interactions with other partners, such as receptors, membrane transporters, enzymes, carrier proteins, and small molecules. This study paves way to studies of kinetic and redox properties of ATCUN/NTS motifs of HSA and hCtr1, aimed at explaining the mechanism of copper delivery to cells.
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